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Abstract
Usability Study of Data Visualization in WebVR
Raghu Shivaraman
Virtual reality (VR) is one of the technologies that has slowly and steadily gained
popularity in the recent years. Many companies such as Facebook, HTC and Samsung
have invested billions of dollars in the production of VR headsets. The analyst team
of the multinational finance giant Goldman Sachs predicts that VR/AR technology
will have an estimated market value of 80 billion dollars by the year 2025. Most of the
applications concerned with virtual reality is related to the entertainment industry.
However, some recent works have shown us that VR can be used as an effective
tool for data visualization. The main focus of this paper was to evaluate a data
visualization tool in WebVR for a multi-dimensional data-set based on the usability
and learn-ability of the user experience. This project used the Samsung Galaxy S8 as
the visualization device and VR Box along with Bluetooth controller as the equipment
for viewing and interaction mechanism. The implementation was majorly carried out
by collecting the data-set from an online repository called UCI Machine Learning
repository and the system was implemented using WebVR and D3.js. The evaluation
consisted of four sections namely: pre-test questionnaire, screen record/ think-aloud
technique, post-test questionnaire and emotion card. From the evaluation, the project
surmised that smart-phones have the potential to be used as a data visualization
platform and it can be further improved upon with future research and additional
iterations. Furthermore, this project hopes that it provides information to explore
innovative inputs and creating novel UI that enables us to see the changes made to
the data in real time.
Advisor: Prof. Troy Finamore

11. Introduction
Virtual Reality is one of the technologies that has slowly and steadily gained pop-
ularity in the recent years. In the year 2016, the growth of virtual reality has taken
a giant leap. The analyst team of the multinational finance giant Goldman Sachs
predicted that VR/AR technology will have an estimated market value of 80 billion
dollars by the year 2025 [28] . That is why VR technology is already considered as
a game-changer [6]. In computer-science terminology, virtual reality can be defined
as a computer generated digital environment that can be experienced and interacted
with as if that environment were real [12]. In general terms, virtual reality is an
immersive 360 degree experience of an artificial world where people can interact. The
development of VR headsets are on the rise especially after the invention of the hugely
popular Oculus Rift. Companies such as Google, Facebook, HTC and Samsung have
already invested considerable amounts of money in the production of VR Headsets.
However, the price range of these devices starts at 599 US dollars [10]. Eventually,
the prices should decline as the technology evolves [28]. In the meantime, there are
alternate options to explore the world of virtual reality with products such as Google
Cardboard, Google Daydream VR and the Samsung Gear VR. These products are
an affordable and simple means to experience virtual reality on the smart-phone de-
vices. In its formative years, the major contribution of VR application focused on
the commercial market comprised of the entertainment industry. However, VR has
evolved recently and its application now ranges from academic research to engineer-
ing, design, business and arts [4]. Continuous research and development is on-going
especially in the hardware department in order to offer a product that is less cum-
bersome and lightweight. On the software side, there has been a rapid increase in the
amount of games and apps added on to the app store. For those interested in develop-
2ing apps/games, there are different Software-Development-Kits (SDK) support in the
form of plugins for game engines such as Unity and Unreal. This has enabled game
designers to develop VR oriented games with relative ease. Alternatively for web
designers or developers, there is a web framework called as WebVR. WebVR simply
put is a framework to embed virtual reality for viewing in a web browser. The main
vision for WebVR was to bridge the gap between VR developers and web designers.
WebVR serves as a common platform to design and create rich innovative experiences
in an immersive environment. WebVR applications can be launched in a web browser.
WebVR is actually an experimental JavaScript API which provides access to VR ex-
periences in Oculus Rift, HTC Vive, Samsung Gear VR or Google Cardboard via a
standard browser. (WebVR) WebVR was developed by the Mozilla team. It contains
support for frameworks such as A-frame and three.js. The framework enables us to
develop 3D computer graphic applications for the web browser. The framework has
a wide array of applications in domains such as entertainment, business, space explo-
ration and bio-medical fields. This research project is about assessment/evaluation
of a data visualization application that was created for a multi-dimensional data-set
with a number of usability tests.
Data visualization is the presentation of data in a pictorial or graphical format. It
enables decision makers to see analytics presented visually, so they can grasp difficult
concepts or identify new patterns. Since we have been living in an era of Big Data
(large amounts of structured, unstructured and semi-structured data that has the
potential to be mined for information) [20], the need for data visualization has con-
stantly increased. From an organizations perspective, data visualization is required
to make better business decisions because it provides better insights about the data
[27].Since VR is growing rapidly, this is the most appropriate time to integrate data
visualization and virtual reality. We now have an opportunity to display quantitative
3data in a new way with more interactive experience via virtual reality. The inte-
gration already began with two major research projects namely; [8] and [22] which
are explained in detail in the literature review section. Visualizations of data may
help to structure and simplify complex real-time data. This would particularly aid
companies that handle large amounts of raw data. Visualization in VR is an essen-
tial part of not just finding data patterns but also of data mining process which is
a vast topic on its own. It could provide innovative ways to visualize and analyze
multi-dimensional data [8]. However, data visualizations have two benefits i.e. it can
be used for exploratory purposes, or it can be used for explanatory purposes. The
application created by this research project is an explanatory one.
Multi-dimensional or multivariate data can be defined as having more than two or
three dimensions and subsequently requires extensive analysis in order to understand
the underlying information. A typical multi-dimensional data-set contains a measure
attribute and its associated feature attributes. Conceptually, a multi-dimensional
database uses the idea of a data cube to represent the dimensions of the data [19].
These attributes contain relationships to each other in a particular way which be-
comes an essential part of visualization especially if the overall scope hinges upon one
attribute. There are various data analytic tools on the market that are used by busi-
nesses to understand and extract information from raw data. However, raw data is
not used for data visualization purposes. Raw data undergoes several analytical tests
and gets cleansed into readable data. Visualizations are created only with readable
data [2].
This paper is about an interactive WebVR data visualization system for a multi-
dimensional data-set that was developed to offer a simple yet powerful solution for
the users to understand and gather useful information. It has an interactive user
interface where users utilize the Bluetooth Controller as an interaction mechanism
4and the Google Cardboard for viewing and gazing. Alternatively, the system is also
fully functional with a web browser on a personal computer.
52. Research Statement
The main topic of this research was to study about data visualization in web based
VR system. The research question was to find out how data visualization in WebVR
can improve our understanding of a multi-dimensional data set in order to assist in
the collection and interpretation of meaningful information in an efficient manner.
Additionally, the focus was on the usability/learn-ability aspect of data visualization
which has the potential to promote new knowledge acquisition that cannot be gained
through a traditional 2D visualization process.
63. Literature Review
There are many data visualization and analytic tools present in the market for the
web. This section consists of two commercially well known software packages utilized
by many organizations and two recent research projects which displayed the potential
for virtual reality to be used as a visualization platform:
3.1 Google Analytics
Google Analytics is a free premium web analytics service offered by Google to
monitor and track website traffic. It can be setup through an existing or a new Google
account to track how users navigate and click through a website. The Reports are
organized in the form of a dashboard kind of interface with graphs and charts. As
seen from Figure 3.1, Google analytics presents a basic 2D visualization. Broadly, the
features are concerned with report generation with respect to Audience/Visitors (kind
of technology and traffic from a location), traffic sources (based on search results and
navigation of the users), content (sorting of pages based on the number of views)
and Goals (based on e-commerce applications which deal with online purchases).
The data is displayed as pie charts and graphs which are very accessible. However,
reports created are not always intuitive because of Advanced Segments and Secondary
Dimensions which often leads to misinterpretation of the data [9].
7Figure 3.1: Google Analytics Dashboard
3.2 Tableau Software
Tableau is an American software company from Seattle that builds interactive
data visualization products focusing on business intelligence. It started in 2003 as a
desktop application and became popular for the enterprise and Big Data domains.
It currently has five main products: Tableau Desktop, Server, Reader, Online and
Public. The core functionality of the software is to query databases and generate
reports and graphs by combining them into a dashboard. The information can also
be shared in a cloud network. A sample report Figure 3.2 shows the endangered
species in Africa:
8Figure 3.2: Sample Report in Tableau
3.3 A Unity 3D Application for geo-spatial visual analytics of Twitter
data
This research project was undertaken by a group of researchers at MIT. The
project focused on visual analytics of Big Data and how virtual reality can be used as
a data visualization platform. The data was collected from Twitter and was mapped
onto a 3D model of MIT campus. This project mainly focused on two things; data
visualization and interaction. Data was first extracted and pre-processed. Then, the
model and scene were created in the Unity 3D game engine. The data process pipeline
is explained in the following Figure 3.3:
9Figure 3.3: Data Process Pipeline
Figure 3.4: Rendition of MIT’ campus as an imported FBX model into Unity3D
engine as seen from game’s free-form camera.
Figure 3.4 represents the layout of this application. This work was developed
using Unity 4.6, Oculus Rift DK1 and the leap motion controller. The idea of this
project was to create the visualization experience as a game so that the user would
be more involved while using the application. One of the main limitations with this
project was activating/deactivating the collider component of the leap motion con-
troller which was proving to be computationally expensive because collision detection
requires considerable amount of computation. There were also additional unnecessary
rendering taking place. Also, this application needed a faster processing computer
to achieve better performance and reduce the jerky movement of the scene. The
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recommended frame rate for running Oculus based project is around 60-75 fps. Nev-
ertheless, this project confirmed that data visualization has a wide scope in virtual
reality realm which needs to be explored [22].
3.4 iViz
iViz is an immersive, multi-dimensional data visualization tool that was built in
Unity 3D by a group of researchers at Caltech. It is an experimental setup that
plots points in 3D space with up to ten layers of information. It allows the user to
control the camera to explore data visually. Information is encoded in the form of
XYZ co-ordinates, color levels, size, shape and texture [8]. Figure 3.5 contains the
sample interface of iViz:
Figure 3.5: iViz Interface
The iViz multi-dimensional tool gave us the first insights into the potential of
immersive VR as a scientific data visualization platform. Although it can plot up
11
to ten layers of information, sometimes large data-sets simply looked incoherent.For
web based system, there are tools such as Looker [24] and Datahero [30] which helps
businesses to generate charts and reports from different kinds of data-sets. How-
ever, the scope of these tools are limited in terms of understanding multi-dimensional
data. They fall short in providing clear insights and sometimes different users draw
different insights from them. Dealing with real-time data is still difficult at times.
In some cases, the interface although looks neat are not customizable according to
organizations needs. Thus, it imposes the users to utilize the tool in a certain way.
The interface that this project had built was similar to the iViz with some addi-
tional improvements such as exploring data-set with a new interaction mechanism
i.e. Bluetooth Controller. It had a dashboard that displays the legends and buttons
in a sophisticated manner where users were be able to interact with Google cardboard
using gaze or the touch input. There was also a toggle switch that conveniently hides
the user interface so that the viewer had complete freedom to view the graph from
any perspective. In terms of affordability, the visualization was built using WebVR
technology so that it was readily accessible with Google Cardboard or the VR Box
on the Android smart-phone without spending money on an actual dedicated VR de-
vice. The Bluetooth Controller was used for navigation and interacting with the user
interface inside the environment. The Controller mimics the Gamepad Controller
and the support was extended recently for WebVR framework via a component. The
component uses the HTML5 Gamepad API. The underlying API supports Firefox,
Chrome, Edge and Opera [21].
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4. Method
Since this project focused on the usability aspect of data visualization, the ap-
proach taken was similar to a user-experience (UX) process for a software design. It
is important to realize that UX is about engagement. VR is constantly improving
in engaging user interaction with innovative inputs in the market such as HTC Vive
controllers, Daydream remote, Leap motion device and the Oculus Rift touch. VR
could essentially help us understand data by providing new perspectives and scenar-
ios. It can leverage the third dimension and represent data in a different manner
than a traditional 2D data visualization tool. Usability is a big part of the user ex-
perience which includes characteristics such as ease of use, productivity, efficiency,
effectiveness, learn-ability, retain-ability and user satisfaction. Usability evaluation
can be thought as being equivalent to usability testing. This paper focused on us-
ability and learn-ability aspects of the UX method. In the context of UX process and
interactivity, the UX life cycle template consists of Design, Prototype, Evaluate and
Analyze phases (See Figure 4.1). Analysis is about the user work and needs, design
relates to conceptual design, look and feel, implementation is prototyping the design
and evaluation means to verify if it meets users requirements and needs [11].
13
Figure 4.1: UX LifeCycle Template
4.1 Collection of Data-set
The first phase involved collection of proper data-set. The selection criteria in-
volved the following aspects:
• It had to be a scholarly data-set for academic use.
• It had to be in a readable format such as CSV (Comma Separated Values) or
JSON (JavaScript Object Notation).
• The data-set had a measure attribute.
• It contained multiple attributes.
14
This study obtained a bank marketing data-set from the online repository called
UCI Machine Learning Repository[18]. The data was related with direct marketing
campaigns of a Portuguese banking institution [26]. The marketing campaigns were
based on phone calls. Often, more than one contact to the same client was required,
in order to determine if the product (bank term deposit) would be (’yes’) or not (’no’)
subscribed. There were a total of 21 attributes in the data-set. However, this study
limited it to 10 principal attributes. The reason for this is explained in the next
sub-section. The attributes are as follows:
1. age (numeric)
2. job : type of job (categorical:’admin.’,’blue-collar’,’entrepreneur’,’housemaid’,
’management’,’retired’,’self-employed’,’services’,’student’,’technician’,
’unemployed’,’unknown’)
3. marital : marital status (categorical: ’divorced’,’married’,’single’,’unknown’;
note: ’divorced’ means divorced or widowed)
4. education : (categorical: ’basic.4y’,’basic.6y’,’basic.9y’,’high.school’,’illiterate’,
’professional.course’,’university.degree’,’unknown’)
5. default : has credit in default? (categorical: ’no’,’yes’,’unknown’)
6. housing : has housing loan? (categorical: ’no’,’yes’,’unknown’)
7. loan : has personal loan? (categorical: ’no’,’yes’,’unknown’)
8. month : last contact month of year (categorical: ’jan’, ’feb’, ’mar’, ..., ’nov’,
’dec’)
9. campaign : number of contacts performed during this campaign and for this
client (numeric, includes last contact)
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10. duration : last contact duration, in seconds (numeric).
4.2 Wireframe/Sketches
Designing wireframes is important because they allow you to explore, test and
iterate design ideas. In web design terms, wireframes define the containers that
would have content in them. Wireframing is an essential part of design process in
software application [7]. Designing wireframe for a 3D environment is completely
different than a 2D one. There are only two dimensions that we have to deal with
when designing for 2D wireframe and most of the time they are done using online
tools or Photoshop.
Since the major portion of virtual reality application is on the gaming industry,
game engines such as Unreal and Unity have expanded their support to develop vir-
tual reality applications for a wider audience. The ever growing gaming community
has enabled programmers/game designers to test and iterate their designs using these
game engines. Hence, there is no particular solution or a standard to design 3D wire-
frame. Although, there is a new workstation developed by Microsoft called Surface
Studio that is mostly targeted for creative users. It has an interactive device called
Surface Dial that enables users to sketch out immersive content which may become
a potential application for sketching 3D wireframe in future. However, designing 3D
wireframe is as simple as placing an object in 3D space using the game engine and
testing it with a VR headset. It should be an iterative process [15].
Figures 4.2 and 4.3 shows the preliminary designs of the wireframe sketched on a
notebook
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Figure 4.2: Preliminary Design 1
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Figure 4.3: Preliminary Design 2
4.3 Prototype
The prototyping phase is an important and fundamental aspect of the UX lifecycle.
They are the building blocks of design process which brings ideas to life. The idea
of prototyping is to provide fast and easily changed early view of the envisioned
interactive design [11]. After the creation of the wireframes, this project moved on to
build and test the prototype with the requirement criteria. For prototyping in VR,
a new approach was suggested by Josh Carpenter (Ex- UX Lead on Firefox OS). In
order to build simple prototypes in WebVR, there are four major steps that are to
be followed:
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• Create a layout in 2d design app and export as a bitmap.
• Create a cylindrical mesh in three.js or similar framework that supports WebVR
with a circumference/height ratio that matches the width/height ratio of the
bitmap.
• Apply the bitmap as a texture to the cylinder and flip the cylinder faces.
• View in VR.
The final output of these steps would look like this (See Figure 4.4) [13].
Figure 4.4: VR Prototype
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However, this approach did not cater to the requirements of this project because
the application is a 3D visualization that had a navigable environment. In case of
Figure 4.4, it offers a cylindrical view that is wrapped around the user. There is no
provision to include actual 3D objects.
The actual system that this project tested was a hybrid system which had 2D
buttons for interaction with 3D visualization of data. The interactive dashboard was
created using A-frame. A-frame is a web framework built on top of three.js which is
a JavaScript library that supports WebVR. It is based on entity-component pattern
where entity is the scene, and the component is some aspect that is attached to the
entity such as appearance, functionality or behavior. Hence, the prototype was built
by creating polygonal shapes in the WebVR framework using A-frame and slowly
figuring out the layout with iterative designs.
Since data visualization is about graphical representation of the data, there are
several frameworks which support the creation of graphs and charts in a web envi-
ronment. There are JavaScript graphic libraries such as D3.js and b3.js that are sup-
ported in the WebVR framework. D3 (data driven documents) is a popular JavaScript
library for manipulating documents based on data. It helps in handling and extract-
ing data using HTML, CSS and SVG. It is based on the DOM (Document Object
Model). There is another library called b3.js which is a similar version to D3. b3.js
is an open source library that supports 3D graphs on the web application that can
be interacted with the Oculus Rift and Leap Motion device. This library supports
three.js objects [16]. The main approach for the prototype was to assign all the heavy
lifting to Aframe and create the actual chart using D3. The workflow of combining
both these technologies is explained via the following Figure 4.5:
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Figure 4.5: Aframe and D3
4.4 Implementation phase using WebVR (A-frame and D3)
The implementation phase began with the discussion of the layout with the com-
mittee members. There were three layouts shortlisted for the visualization a 3D
Radial layout (Figure 4.6), Parallel co-ordinates (Figure 4.7) and 3D Scatter plot
(Figure 4.8).
Figure 4.6: 3D Radial Layout
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As seen from Figure 4.6, the radial layout was not a viable option because the
entire diameter of the radius was too big which obscured the view of the user. Also,
it proved to be difficult to see the details and navigate through the environment.
One of the most popular techniques for representing multivariate data is the Par-
allel co-ordinates (Figure 4.7). Parallel co-ordinates is very similar to a profile plot. It
comprises of separate parallel axis to each dimension or variable. Although it is indis-
tinguishable from a profile plot, the representation was new because of the recognition
of the high dimensional space and 2D parallel coordinate space. In simple terms, it is
the separation of each dimension and normal 2D scales used for a profile plot. Since
it is a line that passes through different dimension or variable, addition of graphics
such as coloring the line do not have much of an effect on the overall representation
of the visualization [29].
Figure 4.7: Parallel Co-ordinates
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The computer graphic libraries uses perspective planar projection. One of the
problems associated with 3D graphics is they often elicit more perceptual illusions and
make it difficult to use scale look-up in perspective to recover data values. However,
virtual reality offers us the freedom to navigate through the environment making it
possible to view the representation from various angles. This can be particularly useful
when encountering configurality among variables. Consider the 3 point coordinate
system with values x, y and z. For three variables x, y and z, configurality occurs
when the way z changes across values of y at some level of x is different from the way
z changes across values of y at some other level of x [29].
Thus, the 3D Scatter Plot seemed to be the ideal choice for visualization with the
data encoded in the form of X, Y, Z co-ordinates, size and color. The user was only
able to view 5 dimensions at one point of time. The reason for limiting the number
of dimensions to 5 was based on the theory of dimensionality reduction. In machine
learning and statistics, dimensionality reduction or dimension reduction is the process
of reducing number of random variables under consideration, via obtaining a set of
principal variables [17].
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Figure 4.8: Static Scatter Plot Design
Figure 4.8 shows the first static version of the Scatter Plot that was created using
Maya and Aframe. Aframe technology enables us to import obj models into its scene.
So the obj model was created in Maya and then imported into Aframe to create a
quick static scatter plot design.
Over the course of several iterations and tweaks, Figure 4.9 and 4.10 shows the
design and layout direction for the application that was officially finalized by the
committee. However, one of the main drawbacks with the data-set that this project
encountered were the number of data-points. The original data-set had over 41,000
data-points. Plotting the entire data-set into a scatter plot proved to be difficult
because collectively it had a huge impact on the performance of the application. By
limiting the data to only those customers who enrolled for the term deposit (who said
’yes’), the data was reduced to 452 data-points. Maintaining high frame rate was
one of the key factors that constituted the performance in VR mode and this was a
big challenge addressed in this project. As a best practice in WebVR, it is highly
recommended that there should be less number of entities in the scene as possible [1].
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Figure 4.9: Scatter Plot Iteration 1
Figure 4.10: Scatter Plot Iteration 2
Initially, the study used 4120 instances (see Figure 4.10) and also the shape of the
entities were spherical which meant more number of polygons impacting the overall
performance. In order to improve performance on smart-phone, the data had to be
reduced to 452 data-points and the spheres were switched to boxes or cubes which
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meant less number of subdivisions of the shape.
Figure 4.11: Scatter Plot Final
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Figure 4.12: VR Box with Remote
Figure 4.11 shows the final version of the prototype with the user interface. The
Samsung Galaxy S8 was used for visualization of the data-set. The (See Figure 4.12)
VR Box with Bluetooth controller are the hardware equipment that were used for
viewing and interacting with the system. The entire functionality of the application
are as follows:
1. It is an application that runs in the Google Chrome browser on an Android
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phone. Alternatively, it is fully functional on a personal computer as well.
2. Similar to a cursor of a mouse, the virtual reality scene has a cursor - a black
circle at the center of the screen. The cursor has a function equivalent to a
mouse click. If you gaze into a particular object for a specified period of time,
it triggers a click event just like you would click a button. There are a certain
number of selective objects that you can click and can differentiate them by
viewing the cursor. If you hover above a particular object and the cursor turns
yellow that means it can be clicked or gazed upon and you would hear a click
sound.
3. Bluetooth Controller’s joystick controls are used for navigation (or the WASD
keys on the keyboard).
4. There are some additional buttons (keys on the keyboard) mapped for hiding
the user interface panel and closing the details.
The issue of compatibility was taken into consideration especially with selecting
a suitable smart phone while implementing the system using the WebVR technology.
Additionally, the Bluetooth Controller was only supported on Android devices as of
now. The system was initially tested with an old Sony Xperia Z3 which had a big
performance and lag issue. Hence, the study was then tested with the latest Samsung
Galaxy S8 which was eventually used for the evaluation of the application.
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5. Evaluation
In software engineering terms, we perform experiments and empirical studies be-
cause the objective of these methods is to get statistically significant results regarding
the understanding of the software [31]. Often, the UX of a system is evaluated in
qualitative terms.
This project utilized a mixed approach of qualitative and quantitative evaluation
techniques. The basic outline of the UX evaluation process was as follows:
Figure 5.1: Testing Phases
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Usability testing involves observation of people trying to use something for its
intended purposes. The application was tested with fifteen number of participants
for the evaluation process [23]. The participants were recruited from Drexel’s Lebow
College of Business due to their experience in data analysis and data science. The
evaluation process was broken down into four parts.
5.1 Pre-test Questionnaire
The pre-test questionnaire session involved questions to determine the participants
awareness about virtual reality systems, data visualization and multivariate data-set.
The questions were as follows:
1. Do you know what data visualization is or at least heard the term before?
• Yes
• No
2. Are you aware that smart phones can be used as a virtual reality device?
• Yes
• No
3. Are you aware of web based virtual reality system or heard the term WebVR?
• Yes
• No
4. Did you know that you can use Google chrome in your phone/desktop as an
immersive environment?
• Yes
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• No
5. Do you know what Google Cardboard is?
• Yes
• No
6. Have you ever used a Google Cardboard before?
• Yes
• No
5.2 Screen Record / Think Aloud technique
Figure 5.2: Screen Record
Figure 5.2 shows the screen record. This study performed an analytical evalua-
tion method called think aloud technique. Analytical evaluation deals with intrinsic
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testing of the design which means that it is tested upon how the intrinsic charac-
teristics of the design functions rather than seeing/testing the design in use. Think
aloud technique was an essential part of the second stage where the person using the
system verbally expressed their thoughts about the interactive experience, including
what feels right or wrong? Why it feels that way? This research project used a
combination of think aloud technique along with screen record [3]. Screen capture
allows us to record the instructions and their verbal think aloud for later analysis.
This project used a screen capture application called AZ Screen Recorder which is
available for free in the Android’s Google Play Store.
5.3 Post-test Questionnaire
These tests were followed by a post-test questionnaire which focuses on the learn-
ability and usability of the application [3]. It utilized a UX method called SUMI
(software usability measurement inventory). It is a rigorously tested and proven
method of measuring software quality from the end users point of view [14]. The
following Figure 5.3 (courtesy of SUMI) contains sample structure of the questions:
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Figure 5.3: SUMI questionnaire
5.4 Emo cards
The last evaluation method was the emo cards or emotion cards which measured
the participants’ overall satisfaction level. This project chose emotion cards over a
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numeric Likert scale because it enables the users to quickly and easily identify their
emotional responses with pictograms than a numeric scale [3]. The following Figure
5.4 represents that:
Figure 5.4: SUMI questionnaire
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6. Analysis and Interpretation
The evaluation was conducted with a total number of fifteen participants. The
evaluation was broken down into four stages :
• Pre-test Questionnaire
• Screen Record
• Post-test Questionnaire
• Emo Cards
Thus, the analysis was performed individually for each section keeping in mind
the usability and learn-ability aspects of the system. The first section was the pre-
test questionnaire. As seen from the following Figure 6.1, all the participants were
aware of the term data visualization. Also, 66.7% of the participants knew that smart
phones are being used as a virtual reality device.
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Figure 6.1: Pre-test Questionnaire result - 1
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More than 60 % of the participants answered “No” to the rest of the questions as
seen from Figures 6.2 and 6.3:
Figure 6.2: Pre-test Questionnaire result - 2
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Figure 6.3: Pre-test Questionnaire result - 3
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This was followed by screen record/ think aloud testing section where a formative
data analysis was conducted by taking notes in real time and generating a UX problem
record. Problem records are a way to diagnose a particular problem that the user
encounters while using a system. They typically follow a format that consists of
problem name, description, severity and the problem diagnosis. Figure 6.4 and 6.5
represents the UX problem records.
The problem severity ranged from irritant to unusable (color coded). The scale
was outlined in this book [25] and it represents the following:
• Unusable: The user is not able to or will not want to use a particular part
of the product because of the way that the product has been designed and
implemented.
• Severe: The user will probably use or attempt to use the product here, but will
be severely limited in his or her ability to do so.
• Moderate: The user will be able to use the product in most cases, but will have
to undertake some moderate effort in getting around the problem.
• Irritant: The problem occurs only intermittently, can be circumvented easily,
or is dependent on a standard that is outside the products boundaries. Could
also be a cosmetic problem.
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Figure 6.4: UX Problem Record 1
The third section was the post-test questionnaire i.e. SUMI which consists of 50
statements that the participant had to reply as Agree, Disagree or Undecided. The
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Figure 6.5: UX Problem Record 2
SUMI scales [14] are defined by six parameters :
• Efficiency: this refers to the respondent feeling that the software is enabling
them to do their task(s) in a quick, effective and economical manner or, at the
opposite extreme, that the software is getting in the way of performance.
• Affect: this is a psychological term for emotional feeling. In this context it refers
to the respondent feeling mentally stimulated and pleasant, or the opposite:
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stressed and frustrated as a result of interacting with the software.
• Helpfulness: this refers to the respondents’ perceptions that the software com-
municates in a helpful way and assists in the resolution of operational problems.
A low score on this scale indicates that the software is not communicating ad-
equately with the respondent and making things difficult.
• Control: this sub-scale refers to the feeling that the respondent has that the
software is responding in an expected and consistent way to inputs and com-
mands. It is not difficult to make the software work and the respondent can
get their work done with ease. A low score on this scale indicates that the
software is making unwanted mental demands on the respondent and that the
respondent prefers to stick with however much they have mastered with this
software.
• Learn-ability: this sub-scale refers to the feeling that the respondent has that it
is relatively straightforward to become familiar with the software; and that its
tutorial interface, handbooks etc. are readable and instructive. This also refers
to re-learning how to use the software after a while away from it.
• Global Usability: refers to a general feeling of satisfaction with the users’ expe-
rience of the software being evaluated.
The SUMI professional report was generated which contained three different graphs,
SWOT analysis, individual user records, summary statistics, comments for general
questions and a CSV format data file. The following Figure 6.6 represents the SUMI
scale values and its means with 95% Confidence Interval. The mean is the arithmetic
average of a set of numbers. The SUMI scale values ranges from 10 to 73. It has a
slight positive skew. This graph shows the mean for each SUMI scale. If the value
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is above 50 line, then the bar is shown in green. If it is below the 50 mark, the bar
is shown in red. The graph also shows the range of the 95% CI which means that if
the questionnaire is repeated under same conditions for n number of times, then the
staples show where the mean of the samples would fall 95% of the time [14].
Figure 6.6: SUMI histogram
The line graph represents the SUMI scores with respect to the standard deviation.
The standard deviation is 10 and the data has an arithmetic mean of 50. The cross
in the centre of the ring shows the location of the mean, the bars are extended by one
standard deviation on each side of the mean [14]. Figure 6.7 shows the line graph:
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Figure 6.7: SUMI line graph
The last graph is the median boxplot. The median of a set of numbers is the
value above and below which exactly half of the observed data will be found. It is
sometimes called the 50th percentile. The 25th and 75th percentiles are sometimes
called the quartiles and they show how bunched up the data is on either side of the
median. The median is the horizontal line inside each of the boxes. The upper and
lower ends of the boxes on this graph show the upper and lower quartiles, what is
called the inter-quartile range. The staples (or whiskers) on either side of the box
show roughly where we would expect to find 95% of the data of the sample [14]. As
seen from Figure 6.8, there are a few outliers that are outside the fences:
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Figure 6.8: SUMI boxplot
The SWOT analysis represents the statistically significant results and NOT sig-
nificant results. For the significant results, there are three categories of difference:
• A strong ’Agree’ or ’Disagree’: If the statement is a positive one, this is a good
sign. If the statement is a negative statement, then this is bad. Conversely,
a ’Disagree’ to a negative statement is good and a ’Disagree’ to a positive
statement is bad. ’Good’ statements are shown in black and ’Bad’ statements
are shown in red.
• ’Undecided’: This happens often when a respondent gives a lot more votes to
the central ’Do not Know’ option, which means a lot fewer ’Agrees’ and a lot
fewer ’Disagrees’ than expected. ’Undecided’ statements are shown in purple.
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The statistically significant results are represented in the following Figure 6.9:
Figure 6.9: Statistically significant results
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The following Figure 6.10 represents the individual user responses with respect to
the six parameters of SUMI scales. Any potential outliers are in red.
Figure 6.10: User Records
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The SUMI report also contained general comments about the best aspects and
worst aspects of the application which are represented in Figures 6.11 and 6.12
Figure 6.11: Worst aspects
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Figure 6.12: Best aspects
The summarized statistical results for this section is represented below in Figure
6.13. It is based on SUMI scales Global Usability, Efficiency, Affect, Helpfulness,
Control-ability and Learn-ability. The Average Global SUMI score is 60.13.
The last section of evaluation was the emotion card which measured the over-
all satisfaction level of the participants. Out of fifteen participants, 80% gave it a
“Thumbs up” and 20% had a neutral reaction. Figure 6.14 represents the summary
of emotion card:
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Figure 6.13: Summary statistics
Figure 6.14: Emotion Cards
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7. Discussion
The pre-test questionnaire concentrated on participants’ awareness about data
visualization, WebVR and Google Cardboard. Evidently, the evaluation conducted
revealed that the majority of the participants were unaware of WebVR, Google Card-
board and Google Chrome being used as an immersive environment.
In the screen record section, participants were subjected to the application with
VR Box as the viewing device and the Bluetooth controller as the interaction mech-
anism. Notes were taken in real time during the think aloud protocol and later on it
was documented into UX Problem Record. As seen from the UX Problem Record,
there are two critical problems that were addressed. One participant experienced
slight headache after some time while using the application. This is highly subjective
because the application developed in this research project did not contain any elabo-
rate animations or changing scenes like a game. Also, none of the other participants
addressed this problem. The other issue was the general blurriness at the bottom of
the screen which can only be proved with other VR Cardboard devices. Apart from
these two critical issues, there were minor problems such as text size, alignment, color
de-saturation and axis labels being too small. Although they were minor problems,
these issues can be amended with an iterative round of testing to have a recognizable
effect on satisfaction level.
The third section involved the usage of SUMI which is essentially a rigorous
method to test the global usability and learn-ability of a system. As seen from the
summarized results, the global SUMI score for this application was 60.13. There were
two potential outliers identified in this evaluation but pertaining to the confidence
interval, the mean score of the samples were always positive and above 50 (as seen
from the staples). This evaluation method was crucial in assessing the user experi-
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ence of the application because it was based on six parameters i.e. efficiency, affect,
helpfulness, control, learn-ability and global usability [14].
The final section in the evaluation process was emotion card. twelve participants
liked it and three had a neutral reaction with the study. In summary, the evaluation
suggests that though the application developed by this project had some problems,
it provided the interactive experience and the overall usability for visualizing multi-
dimensional data.
7.1 Summary of Findings
The evaluation was performed with a number of usability tests and the participants
were recruited from Drexel’s Lebow College of Business. As per the analysis of the
results, this project deduced the following statements for this application:
• Smart-phones are usable and an affordable means to visualize data in a virtual
reality environment. However, usability of smart-phones for visualization can be
further improved upon with better user interface and interaction mechanisms.
• The VR Box (along with Bluetooth controller) is an effective equipment for the
usage of data visualization applications.
• It is easier to navigate and accurately pinpoint data points within a virtual
reality environment.
• This application in future can potentially be expanded and integrated within
business organizations for getting better insights and making better business
decisions.
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8. Conclusion
The aim of this research project was to determine the usability and learn-ability
of an interactive WebVR system for data visualization. Alternatively, the system
was also built so that it can run on a Mac or PC’s Google Chrome browser. This
project used the Samsung Galaxy S8 as the VR device and the VR Box along with
Bluetooth controller as the equipment for viewing and interaction. The whole design
process began with creation of sketches on a notebook and then creating the pro-
totype for a multi-dimensional data-set. The data-set was collected from an online
repository called UCI Machine Learning Repository [18]. The prototype underwent
several iterations until the 3D scatter plot was finalized. This project used a WebVR
framework called A-frame for creating the virtual reality scene and D3.js for plotting
the data points in a 3D environment. A new user interface was also developed for
interacting with the application. The VR Box and the Bluetooth controller were the
most accessible and cost-effective equipment available in the market at the moment.
One of the main reasons for bringing this application into the WebVR environment
was due to its high accessibility and maintainability.
8.1 Limitations and Future Discussion
For WebVR applications, performance always plays a vital role in providing the
best experience to the user. And a lot of it has to do with maintaining a high frame-
rate which was one of the main limitations that this project encountered. Also,
this project used cubes instead of other shapes such as a sphere or cylinder because
cubes have the least number of sub divisions (polygon count) which also affects the
overall performance. This project was tested with the latest android phone i.e. the
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Samsung Galaxy S8. Noticeably, the performance was pretty good and there was
no lag during the evaluation session. Also during the course of this project, there
was an experimental software that was announced with WebVR framework by a
company called Looker. They created their own custom APIs and are using the HTC
Vive as the virtual reality device [5]. This corroborates that WebVR although in its
experimental phase is already becoming one of the popular technologies to emerge in
recent times due to its wide array of applications and high compatibility across many
domains.
In the near future, this project hopes that it can provide sufficient information
in creating a visualization platform that can have different graphs and data-sets in
a WebVR setting for smart-phones where data changes can be seen in real time and
implemented across various domains. Since the processing power of smart-phones are
increasing at a rapid pace, they may potentially become one of the competing medi-
ums for visualizing and analyzing multi-dimensional data in future. This could also
means providing more interaction with data-points using innovative input technology
such as hand gloves or 3D mouse. If smart-phones are utilized in an effective manner
for visualization, it could potentially become a viable option in the field of technology
and science which is highly portable, accessible and affordable as well as at the same
time it could also provide a gateway for interdisciplinary research and applications.
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